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Figure 2. Effect of repeated iv plus
ip doses of FK506 (1.0 mg/kg) on
hippocampal pyramidal CA1 cell
loss caused by ischemia. The first
injection (iv) was given immediately
after the beginning of reperfusion.
Additional ip injections were given
6, 24, 48 and 72 h post-ischemia.
Histological analysis was per-
formed 7 (panel A) or 30 (panel B)
days post-ischemia. Fifteen min-
utes of 4-vessel occlusion caused
pronounced CA1 cell loss at all coro-
nal levels analyzed (P<0.001, sham
vs vehicle). FK506 reduced the de-
gree of cell death in all stereotaxic
planes studied, independently of
whether the animals were sacri-
ficed 7 or 30 days post-ischemia
(P<0.01-0.001, vehicle vs FK506,
Dunn’s test). The severity of ische-
mia decreased (panel A: P<0.05; panel B: P<0.011), while FK506 neuroprotection increased (panel A: P<0.005; panel B: P = 0.064) along the septotemporal axis of
the hippocampus. The sham-operated rats (N = 5) are the same in panels A and B.

Figure 1. Dose-response effect of
FK506 on hippocampal pyramidal
CA1 cell loss caused by ischemia.
FK506 (1.0, 3.0 or 6.0 mg/kg) was
given iv immediately after the be-
ginning of reperfusion. Hippocam-
pal damage was assessed 7 days
after ischemia and is expressed as
a reduction in the number (mean ±
SEM) of intact-appearing pyrami-
dal cells. Compared to the vehicle-
treated group (92.6% cell loss),
FK506 did not reduce CA1 dam-
age, independently of the dose
used (P>0.05, Dunn’s test). Each
point represents one individual; the
horizontal lines indicate the mean
values of the respective groups.
The numbers in parentheses indi-
cate sample size.
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Figure 3. Photomicrographs of coronal sections of the hippo-
campus at stereotaxic levels corresponding to -3.60 mm (I),
-4.52 mm (II) and -5.30 mm (III) in rats subjected to sham
operation (A), ischemia plus vehicle (B) or ischemia plus
FK506 (C), at magnifications of 20X (left) and 400X (right).
Hippocampal damage was assessed 7 days after ischemia.
White circles (left panels) indicate the approximate location
of the cell counts in the CA1 field. Intact-appearing pyramidal
neurons are indicated by arrows. Bars = 100 µm (20X) and 20
µm (400X).
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Figure 5. Change in rectal temperature (mean ± SEM) of rats subjected to cerebral ischemia
and treated with vehicle or FK506. The groups receiving vehicle or FK506 (1 mg/kg) in the
three experiments were pooled, since rectal temperature was measured under the same
treatment conditions. FK506 significantly reduced rectal temperature at all doses compared
to the group receiving vehicle alone (P<0.05-0.001, Newman-Keuls test). However, this
effect did not alter the degree of normothermia (37-38�C).

Figure 4. Effect of repeated
doses of FK506 (1.0 mg/kg) iv on
hippocampal pyramidal CA1 cell
loss caused by ischemia. FK506
was given 0, 6, 24, 48 or 72 h
post-ischemia. Histological anal-
ysis was performed 7 days post-
ischemia. Fifteen minutes of 4-
vessel occlusion caused pro-
nounced CA1 cell loss at all coro-
nal levels analyzed (P<0.01,
sham vs vehicle). Repeated iv
injections of FK506 failed to pre-
vent CA1 cell death at all coronal
levels studied (P>0.05, vehicle
vs FK506, Dunn’s test).

C
A

1 
py

ra
m

id
al

 c
el

l c
ou

nt

180

150

120

90

60

Bregma
-3.60 mm

Septotemporal level

30

0
Bregma

-4.52 mm
Bregma

-5.30 mm

Sham (N=7) Vehicle (N=9) FK506 (N=10)

Discussion

#��� ������
� �
���� ������
��
��� 
��

$%&'(������

����
�������������������
����������	�
������
��������	�������������
����.�����
����
�������"����	������
��
��
��
�  �/.������� ���� ������
� 
��
� ����� ��
�		��
����������������������
�����������
��
����

���
���	��
���������
�����������
��"��
������*��
����	�$%&'(����"�������������



501

Braz J Med Biol Res 36(4) 2003

Neuroprotection by FK506 after transient forebrain ischemia


��
������$%&'(�������"�����	�����������
$%&'(����"��
���23����������
�����
��		���

"������
����������	�
������������������

����
"�� 
�� �������� +����� �����
�� ��"�
����������"���	����!�������
��������
��
��������������'���G		����
�������
"
���	
23�����������������
�������������������
	����
������
���
��
���
��������������	�
��
���������������������������
��
�������
��
���� ��������� +���� ����
"
�� 
�� ������
����"����!
���
��������������������
��
��������
��
"�� �		����� �	� ������ !��� ��

��������������
�����������		����
����
���	

��� ������ ��� �"��� !
��� 
��� ����� ����
�
���
��������
���������
��������
�������
���
��
����"���
��
� 
����������������	����

��������		����
�
����
����"��������
������

��
�����"������������
��	����!������
��������� ������ ����� "���� 	����!��� �
���
�
��������������������
�������.������
���"�
����
����������;��
�������
������	
�����
��"�����
����������������������
��
!
������"���������������
��!�����������
���
�����������
��
"���		������	��������
	�
�����
�����

3���*���1���
�������������
��
������
	����
��
������
��������	�
�����������
���

"���		��
��"���
�������
���������
��
�����
��
��������
��
"�� �		��
� �	� $%&'(� !��� ����

������
�����
����
���'�������	
���
��������
�����	�
���
���
=���!�"������������
��
��
!��������
�������
���
��
�
�
�������		����

	�����
��
����������)�������	
����������
+��
�������������
��
���	�����������
���
�'�������	�����"��������������������
����
!
�����;���;���������
��������������� �
���� 	������
�� ��&�� �� 
���������� �����	
��
��������
��������
�����
���(���������
���
�

��� ��������
��
"�� �		��
� �	� 
��� 03:3
����
�8�� ���
��� 
������� ���"���
��
� 
��������
���
��	
������������	�����"������ ��
#�����	������������;��
�������
������	
�����������		����
����
�����������""��

����!����
�����������
��
"���		������	
���������"����
�������������
�����	������
������������

G���
�� 
��� ��������
��
"�� �		��
� �	

$%&'(�	����!��������
�����������������
������
��*��
�����$���������
����
�������
����;���
��
����������������!����������
�	
�	����$%&'(��+������M������N���
����

����	��������23����������������������
�����
����	
���
���
���
�!
���		����
�����
����������������
���3HB3������
�����
����
��
��I:OF���)��A���
������;���;���������
��
�� ��;����� �� ��,��'��� ���� 
��� ���
��
���;���;����� �����
�� ���;���� �� ��
+���� "�����
�� �� ��������� �� 
�����
� 
�
�����
� 	���� �� ������
��� �	� �
� ����
� 
!�
	��
�����������������"���
����	���������

���������������		����������
������������
���
��
��� �	� 
��� ����� !���� �������� 
��
��������������"�������)���4�����������

������
�	��
�����
���������
��
���������
��

������������
��$����� ��!�����������
�

��
� !��
���� $%&'(� �		����� ������ ��� ��
��������!�������� 	"��������!����������

��������
���������
���������#�����
������!��

��
� ��� ��������� $%&'(� ���"�����
��
����
��� ��������
��
"�� �		����� ���
� ��
���"�����P������
��������!�"�����������
�����
��
���!�����
����������
���������
�����3
�������
��!����"������������
���	��

���	�����

�������������� 
���������
��
����	��
���
������
��
���
��
�$%&'(���������
�����
��

�	�������������
����
���������������	
��

������
� ������� ��������� ������� �� ��
��
������
�����
��
�����
� �/.����������"���
�����"�
����
��
�$%&'(����
��
�������
���
������ �� �� ���
������������� #��� �		��

��������������������������	������
��������
"���		����
����"�������
������!�"��������
��
����� �
����� ���� ������� 
�� ������� 
��
���
���������
��
���
���
����
�����
��
�����
"����
�������
��
��		������	�$%&'(��3���

������
����������������1�����
���"��
��
�

���
�������
��!���!��	�
�����������
���

"�� �		��
� �	� $%&'(�� 3
� ������
�� !�� ���
�"��
��
��� !��
���� 
��� ��������
��
"�
�		��
��	�$%&'(������"����
�
�����
�������
��"��� �� ����������� ��� �

����
��� �	� ��
�����������������
���������������������
���	���
���



502

Braz J Med Biol Res 36(4) 2003

F. Giordani et al.

References

1. Zola-Morgan S, Squire LR & Amaral DG (1986). Human amnesia and
the medial temporal region: enduring memory impairment following
a bilateral lesion limited to field CA1 of the hippocampus. Journal of
Neuroscience, 6: 2950-2967.

2. Petito CK, Feldmann E, Pulsinelli WA & Plum F (1987). Delayed
hippocampal damage in humans following cardiorespiratory arrest.
Neurology, 37: 1281-1286.

3. Pulsinelli WA, Brierley JB & Plum F (1982). Temporal profile of
neuronal damage in a model of transient forebrain ischemia. Annals
of Neurology, 11: 491-498.

4. Kirino T, Tamura A & Sano K (1984). Delayed neuronal death in the
rat hippocampus following transient forebrain ischemia. Acta Neuro-
pathologica, 64: 139-147.

5. Dawson TM, Steiner JP, Dawson VL, Dinerman JL, Uhl GR & Snyder
SH (1993). Immunosuppressant FK506 enhances phosphorylation
of nitric oxide synthase and protects against glutamate neurotoxic-
ity. Proceedings of the National Academy of Sciences, USA, 90:
9808-9812.

6. Sharkey J & Butcher SP (1994). Immunophilins mediate the neuro-
protective effects of FK506 in focal cerebral ischaemia. Nature, 371:
336-339.

7. Ide T, Morikawa E & Kirino T (1996). An immunosuppressant, FK506,
protects hippocampal neurons from forebrain ischemia in the Mon-
golian gerbil. Neuroscience Letters, 204: 157-160.

8. Tokime T, Nozaki K & Kikuchi H (1996). Neuroprotective effect of
FK506, an immunosuppressant, on transient global ischemia in ger-
bil. Neuroscience Letters, 206: 81-84.

9. Yagita Y, Kitagawa K, Matsushita K, Taguchi A, Mabuchi T, Ohtsuki
T, Yanagihara T & Matsumoto M (1996). Effect of immunosuppres-
sant FK506 on ischemia-induced degeneration of hippocampal neu-
rons in gerbils. Life Sciences, 59: 1643-1650.

10. Drake M, Friberg H, Boris-Moller F, Sakata K & Wieloch T (1996).
The immunosuppressant FK506 ameliorates ischaemic damage in
the rat brain. Acta Physiologica Scandinavica, 158: 155-159.

11. Klettner A, Baumgrass R, Zhang Y, Fischer G, Burger E, Herdegen T
& Mielke K (2001). The neuroprotective actions of FK506 binding
protein ligands: neuronal survival is triggered by de novo RNA syn-
thesis, but is independent of inhibition of JNK and calcineurin.
Molecular Brain Research, 97: 21-31.

12. Morioka M, Fukunaga K, Kai Y, Todaka T, Yano S, Hamada J-I,
Miyamoto E & Ushio Y (2001). Intravenously injected FK506 failed to
inhibit hippocampal calcineurin. Biochemical and Biophysical Re-
search Communications, 286: 802-806.

13. Yoshimoto T & Siesjo BK (1999). Posttreatment with the immuno-
suppressant cyclosporin A in transient focal ischemia. Brain Re-
search, 839: 283-291.

14. Inglefield JR, Perry JM & Schwartz RD (1995). Postischemic inhibi-
tion of GABA reuptake by tiagabine slows neuronal death in the
gerbil hippocampus. Hippocampus, 5: 460-468.

15. Pulsinelli WA & Brierley JB (1979). A new model of bilateral hemi-
spheric ischemia in the unanesthetized rat. Stroke, 10: 267-272.

16. Milani H, Lepri ER, Giordani F& Favero-Filho LA (1999). Magnesium

chloride alone or in combination with diazepam fails to prevent
hippocampal damage following transient forebrain ischemia. Brazil-
ian Journal of Medical and Biological Research, 32: 1285-1293.

17. Seif el Nasr M, Nuglish J & Krieglstein J (1992). Prevention of
ischemia-induced cerebral hypothermia by controlling the environ-
mental temperature. Journal of Pharmacological Methods, 27: 23-
26.

18. Paxinos G & Watson C (1986). The Rat Brain in Stereotaxic Coordi-
nates. 2nd edn. Academic Press, Orlando, FL, USA.

19. Wakita H, Tomimoto H, Akiguchi I & Kimura J (1998). Dose-depend-
ent, protective effect of FK506 against white matter changes in the
rat brain after chronic cerebral ischemia. Brain Research, 792: 105-
113.

20. Corbett D, Nurse S & Colbourne F (1997). Hypothermic neuroprotec-
tion. A global ischemia study using 18- to 20-month-old gerbils.
Stroke, 28: 2238-2243.

21. Crain BJ, Westerkam WD, Harrison AH & Nadler JV (1988). Selec-
tive neuronal death after transient forebrain ischemia in the Mongo-
lian gerbil: A silver impregnation study. Neuroscience, 27: 387-402.

22. Auer RN, Jensen ML & Whishaw IQ (1989). Neurobehavioral deficit
due to ischemic brain damage limited to half of the CA1 sector of
the hippocampus. Journal of Neuroscience, 9: 1641-1647.

23. Moser M-B & Moser EI (1998). Functional differentiation in the
hippocampus. Hippocampus, 8: 608-619.

24. Schwartz-Bloom RD, McDonough KJ, Chase PJ, Chadwick LE,
Inglefield JR & Levin ED (1998). Long-term neuroprotection by
benzodiazepine full versus partial agonists after transient cerebral
ischemia in the gerbil. Journal of Cerebral Blood Flow and Metabo-
lism, 18: 548-558.

25. Shuaib A, Waqaar T, Ijaz MS, Kanthan R, Wishart T & Howlett W
(1996). Neuroprotection with felbamate: a 7- and 28-day study in
transient forebrain ischemia in gerbils. Brain Research, 727: 65-70.

26. Colbourne F, Li H & Buchan AM (1999). Indefatigable CA1 sector
neuroprotection with mild hypothermia induced 6 h after severe
forebrain ischemia in rats. Journal of Cerebral Blood Flow and Me-
tabolism, 19: 742-749.

27. Buchan AM, Li H, Cho S & Pulsinelli WA (1991). Blockade of the
AMPA receptor prevents CA1 hippocampal injury following severe
but transient forebrain ischemia in adult rats. Neuroscience Letters,
132: 255-258.

28. Li H & Buchan AM (1993). Treatment with an AMPA antagonist 12 h
following severe normothermic forebrain ischemia prevents CA1
neuronal injury. Journal of Cerebral Blood Flow and Metabolism, 13:
933-939.

29. Schwartz RD, Yu X, Katzman MR, Hyden-Hixson DM & Perry JM
(1995). Diazepam, given postischemia, protects selectively vulner-
able neurons in the hippocampus and striatum. Journal of Neurosci-
ence, 15: 529-539.

30. Dowden J, Reid C, Dooley P & Corbett D (1999). Diazepam-induced
neuroprotection: dissociating the effects of hypothermia following
global ischemia. Brain Research, 829: 1-6.

Acknowledgments

#�����
��������
�	�������8��!������
��


������������
������	�L������3��B�������
������
�������
��������������H������3�
#���������������������


